Double-walled carbon nanotubes (DWCNTs) with high graphitization have been synthesized by hydrogen arc discharge. The obtained DWCNTs have a narrow distribution of diameters of both the inner and outer tubes, and more than half of the DWCNTs have inner diameters in the range 0.6-1.0 nm. Field electron emission from a DWCNT cathode to an anode has been measured, and the emission current density of DWCNTs reached 1 A/cm 2 at an applied field of about 4.3 V/μm. After high-temperature treatment of DWCNTs, long linear carbon chains (C-chains) can be grown inside the ultra-thin DWCNTs to form a novel C-chain@DWCNT nanostructure, showing that these ultra-thin DWCNTs are an appropriate nanocontainer for preparing truly one-dimensional nanostructures with one-atom-diameter.
Introduction
The discovery of carbon nanotubes (CNTs) heralded the beginning of the boom of nanoscience and nanotechnology [1] , and the successful synthesis of graphene, a superlative two-dimensional carbon nanomaterial, has promoted further extensive exploration in the nanoworld [2] . The question is: what is next? Recently, atomic-scale nanowires have attracted more and more interest due to their truly one-dimensional (1D) nanostructures with one-atom-diameter [3] [4] [5] . Generally, atomic-scale nanowires are not stable in air at room temperature. One of the methods to preserve them is to encapsulate them into CNTs. The innermost diameters of these CNTs are required to be in the range 0.6-1.0 nm in order to ensure that linear atomic wires can be formed [3] [4] [5] [6] . Double-walled carbon nanotubes (DWCNTs), consisting of two concentric graphene cylinders, are the simplest member of the family of multi-walled carbon nanotubes (MWCNTs), and have even better electronic, thermal and mechanical properties than single-walled carbon nanotubes (SWCNTs) [7] [8] [9] [10] . Therefore, DWCNTs have been used as a novel nanocontainer for preparation of 1D materials [4] [5] [6] .
Many attempts have been made to synthesize high purity DWCNTs, such as conventional arc discharge [11] [12] [13] , high-temperature pulsed arc discharge [14] , high-temperature annealing of peapods [15] , and chemical vapor deposition (CVD) [16] [17] [18] [19] . Furthermore, Nano Res. 2011 , 4(8): 759-766 ISSN 1998 .1007/s12274-011-0132-y CN 11-5974/O4 Research Article Address correspondence to Leimei Sheng, shenglm@staff.shu.edu.cn; Xinluo Zhao, xlzhao@shu.edu.cn density gradient ultracentrifugation (DGU) has been also used to separate DWCNTs from SWCNTs [20] . Arc discharge is a very important technique to produce fullerenes, MWCNTs, SWCNTs, and graphene [1, [21] [22] [23] . However, the DWCNTs prepared by arc discharge possess large average inner diameters (> 2 nm), even though they have the highest crystallinity due to having the highest growth temperature among the methods mentioned above [11] [12] [13] .
Herein, we report a simple method for massproduction of high purity, uniform, and ultra-thin DWCNTs with high graphitization by hydrogen arc discharge. More than half of the DWCNTs have inner diameters in the range 0.6-1.0 nm, and long linear carbon chains (C-chains) can be grown inside the ultra-thin DWCNTs to form a new 1D carbon nanostructure, C-chain@DWCNT, by high-temperature treatment. Our results will not only enable investigation of the electronic, thermal, and mechanical properties of ultra-thin DWCNTs with high crystallinity, but also provide a new nanocontainer for synthesizing linear atomic wires, such as C-chain, a novel 1D allotrope of carbon composed of sp-hybridized carbon atoms.
Experimental
A home-made apparatus featuring dc arc discharge evaporation was used to synthesize DWCNTs, where two electrodes were installed horizontally. The anode (6 mm diameter) was prepared from a mixture of 96 wt.% graphite powder and 4 wt.% Fe catalyst. The cathode (10 mm diameter) was a pure carbon electrode. A dc arc discharge was generated between these two carbon electrodes by applying 75 A in an atmosphere of Ar and H2 mixture (3:2/v:v) at 300 torr. After 30 min of arc evaporation, over 300 mg of as-grown CNTs (SWCNTs, DWCNTs, and three-walled CNTs) were obtained. The as-grown CNT sample was purified by a three-step process: Oxidation in air at 400 °C for 30 min, and then at 500 °C for 2 h, and finally immersion into concentrated hydrochloric acid for 12 h at room temperature. In the end, a DWCNT buckypaper could be obtained after washing with distilled water and filtration using a polytetrafluoroethylene filter.
The samples were characterized by scanning electron microscopy (SEM) (JEOL JSM-6700F) equipped with an energy dispersive spectroscopy analyzer (EDS, Oxford Inca), transmission electron microscopy (TEM) (JEOL JEM-200CX), high-resolution TEM (HRTEM) (Tecnai G2 F20 S-Twin), Raman spectrometry (Renishaw, inVia Plus and Horiba Jobin Yvon, T64000), and thermogravimetric analysis (TGA) (Netzsch, TG209F1). Field emission measurements were carried out in a vacuum chamber with a base pressure of 3 × 10 -5 Pa (Keithley 2410 SourceMeter).
Results and discussion
Figures 1(a) and 1(b) show typical SEM and TEM images of DWCNTs. A compact structure is formed due to the increase in the attractive van der Waals force between the DWCNTs after the removal of the Fe catalyst and other carbon impurities in the three-step purification process. A representative HRTEM image is shown in Fig. 1(c) . All the CNTs that can be distinguished are DWCNTs, and about ten isolated DWCNTs with similar inner diameters of around 0.9 nm can be seen in this image. Examination of about one hundred such HRTEM images reveals that our sample consisted mainly of DWCNTs (over 95%, Fig. 1(d) ). The diameter distribution of the DWCNTs showed inner and outer diameters in the range 0.4-1.8 nm and 1.2-2.6 nm, respectively ( Fig. 1(e) ). In particular, more than half of the DWCNTs had inner diameters in the range 0.6-1.0 nm, and should be appropriate nanocontainers for linear atomic wires.
The average values of the inner and outer diameters of the DWCNTs were 0.9 nm and 1.6 nm, respectively. Generally, there are two reasons which can explain why DWCNTs, but not other CNTs, were synthesized using our method: the size of catalyst nanoparticles and the relative concentration of active carbon species [11] [12] [13] 17] . The catalysts used in the synthesis of DWCNTs by arc discharge usually include sulfur and elements in the iron group in the anode [11] [12] [13] . Sulfur has long been used to synthesize carbon fibers, and its effects on the amount and quality of carbon products have been discussed in detail [24, 25] . The optimum sulfur content can improve the carbon deposition on metal catalyst nanoparticles and promote the growth of CNTs; high contents of S in the anode will make the catalyst nanoparticles aggregate into somewhat larger nanoparticles, resulting in the formation of thick CNTs.
